The exposure-response relationships between subjective annoyance with sleep disturbance from railway trains and road traffic noise were established from an extensive social survey by CENVR ͑Center for Environmental Noise and Vibration Research͒ in Korea. The objectives of this research are to determine the long-term effects of noise on sleep and to compare the exposure-response relationships from different noise sources with those from other studies and to elucidate the effects of some modifying factors on subjective responses to noise. From an investigation of the percentage of a highly sleep-disturbed population ͑%HSD͒ in response to railway and road traffic noise, it was found that sleep is affected more by railway noise than by road traffic noise. The effects of non-acoustical factors on the responses were examined and sensitivity was shown to be a significant modifying factor, as it pertains to subjective sleep disturbance. A comparison of the response curves from an analysis of pooled data from predominantly European surveys by Miedema and Vos ͓Behav. Sleep Med. 5, 1-20 ͑2007͔͒ with the response curves from this survey showed more of a subjective sleep disturbance response in this survey to railway noise, whereas there was no significant difference in terms of a response to road traffic noise.
I. INTRODUCTION
Most of the complaints from populations living where transportation noise is serious mainly refer to annoyance and sleep disturbance. Numerous studies have been performed over the last 30 years in both a laboratory environment and the field. The effect of noise exposure on sleep is typically assessed in experimental research in controlled environments. The most popular method is to measure the physiological response of subjects by EEG ͑Electroencephalo-gram͒ recordings. Some researchers have conducted laboratory experiments to investigate behavioral awakening and arousal using EEG recordings.
In addition to EEG recordings, other methods, such as the measurement of body movements using an actimeter, clinical observation, and self-reported surveys have also been used in field studies. Some of this field research has examined the effects of road traffic and railway noise on sleep.
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The effects of transportation noise have been reviewed with meta-analysis and secondary analysis based on the accumulated survey data. 4, 5 Recently, Miedema reported newly updated relationships between noise levels and their corresponding responses using survey data most of which came from either European and or English speaking countries. 6, 7 Their study showed that railway noise is less annoying and less sleep-disturbing than road traffic noise. This is reflected in the noise regulations of some European countries as the so-called 'railway bonus'. In contrast, a previous Korean study on annoyance response to transportation noise showed the opposite trend, in which railway noise was more annoying than road traffic noise. 8, 9 This result is in good agreement with the results of related Japanese research on this subject. 10 With respect to sleep disturbance, some researchers found that nonacoustical factors are also significant, showing that sensitivity can affect sleep disturbance by influencing such factors as sleep quality and the time needed to fall asleep.
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In the present study, field studies in communities around railways and roads are introduced and the relationships between the noise levels of railway and road traffic and the corresponding self-reported sleep disturbance levels are established. Sleep disturbance was evaluated through selfassessed surveys from two groups of people exposed to railway or road traffic noise. Six hundred and ten people in 18 sites of railway noise and 550 people in 17 sites of road traffic noise were surveyed using questionnaires. The exposure-response relationships of the two noise sources are compared and the moderating effects of the non-acoustical factors of gender, age and sensitivity, are analyzed. Annoyance in the previous research of CENVR ͑Center for Environmental Noise and Vibration Research͒ concerned with the dissimilar European responses are discussed as well. 8, 9 
II. MATERIALS AND METHODS

A. Survey design
The field survey described in this paper is the first largescale noise survey in Korea. It was supported by the Korean Ministry of the Environment as part of "The Eco-technopia 21 Project." For four years beginning in 2004, extensive research on the effects of transportation noise was conducted, with subjective sleep disturbance by nocturnal noise as one of the major subjects. Measurements of night-time transportation noise and assessments of noise-induced sleep disturbance were conducted to evaluate the relationships between long-term noise exposure and the community response and to compare the responses from different noise sources.
The survey was carried out in both the spring and fall of 2004 and 2005 at 18 sites along the Gyungbu and Honam railway lines. All research locations are located in Daejeon and Cheonan, major cities in Korea. For road traffic noise, the survey was carried out in the fall of 2005 and 2006 at 17 sites around the principal roads and the expressways of Seoul, Korea. The surveys were conducted at different times of the year, but the climatic conditions were similar during the survey periods and the survey annoyance questions asked about the previous year. There was little difference among the survey periods ͑spring and fall of 2004, 2005 and 2006͒ in Korea regarding the air pressure, air temperature, wind speed, and relative humidity according to the climate information offered by the Korea Meteorological Administration.
Before the site selection, a preliminary survey was conducted concerning the location, weather, topography, background noise, and the circumstances including other noise sources. The sites exposed to significant background noise were excluded, and all extraordinary situations that occurred during the survey were reported by researchers. Table I shows the information pertaining to the survey sites, including the number of passing vehicles, the composition rates, and the distances between the measurement points and noise sources. The rate of freight trains and heavy vehicles in Table I are the average values of the railway lines and roads ͑freight trains: 56%, heavy vehicles: 31%͒ in the respective areas. Traffic conditions of different railways were similar; the standard deviation of the average values of the composition rates for railways was 3.4 while that for roads was 2.9. The measurement points of the survey sites were located between 15 m and 250 m from noise sources. All of the sites were located in residential areas. The residential types in the survey sites were multi-story apartments, which is the most common type of residence in Korea.
B. Noise measurements
Noise measurements were carried out continuously with sound level meters ͑B&K Types 2238 and 2250 and Larson & Davis 812͒ for 3 days at each survey site. In the case of railway and road noises, sound levels during weekdays were largely steady, as the operation of railway traffic follows a regular time schedule and because road traffic shows a steady flow on the principal roads. The instruments were in operation from 22:00 p.m. to 07:00 a.m. during the measurement and recorded 1 s LAeq continuously. The outdoor microphones were tripod-mounted at a height of 1.5 m above the ground; they were positioned at least 1 m from any other reflecting surface, in such a way that there were no major influences of the buildings or other acoustical obstacles.
Each microphone was installed on the most exposed façade of the building. When more than one building was selected, they were parallel to the noise sources with the sleeping rooms facing toward the outside roads or railways. It was verified with noise mapping software ͓CadnaA ͑DataKustik͔͒ that the differences between the noise levels at different stories in a building or the sound insulation of the noise barriers of different buildings were less than 3 dB at the selected sites.
C. Social survey method
To investigate self-assessed sleep disturbance in populations for transportation noise, a questionnaire survey was given to the residents who lived at the survey sites. A standardized questionnaire developed in previous research was used for this study. 9 The questionnaire consisted of two parts: general questions including demographic information such as age and gender, and questions related to subjective responses to noise.
A question to investigate self-assessed noise sensitivity was 'How much are you sensitive to noise' and the question pertaining to sleep disturbance was 'How much have you been disturbed in your sleep by railway noise ͑or road traffic noise͒ at night when you are sleeping in your house over the last 12 months?' Subjects assessed their subjective sleep disturbance from nocturnal noise ͑or sensitivity to noise͒ on a scale from 0 to 10. '0' denoted 'not disturbed at all ͑or not sensitive at all͒', and '10' denoted 'extremely disturbed ͑or extremely sensitive͒'. Fields et al. reported that a 0-10 numerical scale is likely to be easily understood by people of all countries and cultures who are familiar with currency in a base-10 monetary system. 12 The percentage of the responses ranging from 8 to 10 is termed the percentage of the highly sleep-disturbed population ͑%HSD͒. The percentage of responses 6 or higher is termed the percentage of the sleepdisturbed population ͑%SD͒.
Twelve hour long survey was done in front of the survey buildings to ask for participations to residents going in and out of the buildings. All respondents reported their addresses to identify their locations within the survey site. The questionnaires were administered in person. The respondents read and completed the paper questionnaire while under the supervision of an interviewer to prevent respondents from reading other questions in advance. The response rate was close to 65%. There were a total of 610 questionnaires analyzed here for railway noise areas and 550 for road traffic noise areas.
Approximately 77% of the subjects were female, with 23% therefore male. They were between 18 and 76 years old. Most of the subjects were middle-aged females ͑30s-50s͒. This is most likely related to the fact that they were at home more and had a more favorable attitude regarding joining the survey, despite the fact that there was no pre-explanation or information given before the survey. An additional survey is in progress to obtain a representative sample with regards to both age and gender. Data from the residents who lived in the sites for less than one month were excluded in this study. The mean duration in which the participants lived in both road and railway noise areas was nearly 6 years. The participants' statistics are shown in Table II .
III. ANALYSIS AND RESULTS
A. Noise exposure
Subjectively evaluated sleep disturbance due to railway and road traffic noise is related to the equivalent noise level. 13 In this study, L Aeq, at the most exposed façade of the dwellings is used to describe exposure during the nighttime. The mean values of L Aeq, at the railway and road traffic noise sites are 58.9 and 58.3 dB͑A͒, and the standard deviations are 6.6 and 6.2, respectively. L Aeq,22-07 of railway noise consists of repetitive single events is calculated from the energy sum of single-event sound exposure levels except background noise and L Aeq,22-07 of road traffic noise is calculated as the energy sum of total sound exposure since road traffic noise was considered as the sum of many repetitive single-event sounds in this research, which there are more than 70 pass-by vehicles per minute in a site with heavy traffic.
The noise levels at night in both the railway and road sites are considerably high. The maximum noise levels of each survey sites are presented in three categories based on L Aeq,22-07 levels in Table III , where L A max is defined as the arithmetic average of the noise level of the highest pass-by measured on each of three consecutive nights. The mean difference between L Aeq,22-07 and L A max for the 18 railway noise survey sites was 17.8 ͑Std. Deviation= 3.6͒, which is relatively high compared to that of the 17 road traffic noise survey sites ͑Mean= 10.5, Std. Deviation= 3.4͒.
The noise exposures for entire dwellings within a survey site were evaluated by noise mapping software and measured noise levels. The survey participants reported their exact addresses and the position and the direction of their sleeping rooms on the questionnaire, which make it possible to identify their outdoor exposure levels.
B. Factors affecting subjective sleep disturbance response
Railway and road traffic noise can cause different responses in subjective sleep disturbance. The effects of acoustical factors such as the emergence of noise and the peak noise level can cause more intermittent and disturbing responses to railway noise, as shown in previous researches in which the peak noise level was found to be significantly related to subjective sleep disturbance factors such as sleep quality and body movements. 14 It is known that some people are more vulnerable than others to noise owing to related non-acoustical factors that modify noise effects; 15, 16 hence, an assessment of the effects of non-acoustical factors as well as acoustical factors is indispensable when studying human responses. Logistic regression analysis was used to elucidate the effects of non-acoustical factors. By means of logistic regression, an estimator depending on the examined factor ͑e.g., subjective sleep disturbance͒ was calculated considering influencing factors ͑explanatory variables͒. In total, three explanatory variables that were assumed to influence the result were included in the logistic regression. These variables were "age," "gender" and "sensitivity" which have mostly considered in previous researches. 17 Gender was employed as a dummy value in the logistic regression. The absence of correlation and multicollinearity between explanatory variables is required. In the regression analysis with railway noise data set, there was no multicollinearity at all while a weak correlation only between gender and age was assessed ͑Pearson's correlation= 0.004, p Ͻ 0.01͒. In case of road traffic noise, unless several variables were correlated ͑e.g., for gender and age, Pearson's correlation= 0.112, p Ͻ 0.01; for gender and sensitivity, Pearson's correlation= −0.092, p Ͻ 0.01͒, the result of this analysis indicates no multicollinearity between all explanatory variables. From an analysis with railway noise data set, the effects of "age" and "sensitivity" on sleep disturbance level were proven to be significant. However, for road traffic noise, only "sensitivity" has a significant probability ͑p Ͻ 0.01͒. For both railway noise and road traffic noise, sensitivity to noise was a significant factor that influences the subjective sleep disturbance. The results of the analysis are shown in Table IV .
C. Exposure-response relationships for railway and road traffic noise
The logistic regression model was used to estimate the factors which influence the sleep disturbance response and to establish a direct probability model. Logistic regression is a widely used method to predict the dependent variable in epidemiological studies, which it has several advantages of using without an assumption about the variable distribution. 18 Logistic regression analysis established subjective sleep disturbance response curves from night-time noise. A datapoint contained at least 30 responses, and the corresponding %HSD values are given in Fig. 1 and Fig. 2 . The curves here are presented without taking moderation factors into account.
Six hundred and ten railway noise questionnaires were analyzed. The regression model is statistically significant ͑P Ͻ 0.01͒. Figure 1 shows the relationship between L Aeq, and the percentage of a highly sleep-disturbed population ͑%HSD͒ for railway noise. The relationship is based on data in the L Aeq,22-07 range from 49 to 70 dB͑A͒ and are expected to give approximate trends for lower exposures and higher exposures. These results have been compared to Miedema and Vos's analysis of pooled data from 26 surveys that did include three Japanese surveys, one Turkish survey, but predominately consisted of the 22 surveys from either Europe or English-speaking countries that account for 92% of the respondents in the pooled data. 6 There is a clear difference between the results from this Korean survey and results reported by Miedema and Vos for their predominantly European data. The %HSD curve of CENVR is much higher compared to that in Miedema and Vos 6 the difference between the result in this survey and the average of those 26 surveys might be hypothesized to be due to the following: ͑1͒ if Korean houses were closer to the railway lines, then there might be more vibration, ͑2͒ background noises may differ, ͑3͒ unpleasant feelings or fear resulting from railway noise may differ, and ͑4͒ the surroundings of railway areas may cause more subjective sleep disturbances in Korea.
Although some of the subjects lived in less noisy environments, most of the subjects in this research could easily see the trains and they were aware of the railways at all times, as the survey sites consisted of only a few buildings in a small complex and because the differences in noise levels at the sites are mostly due to the sound insulation of the buildings and to the distance of the buildings from the railways. Other psychological and environmental factors which have the potential to induce different responses to noise have not been reported thus far.
For road traffic noise, a logistic regression analysis was also conducted to evaluate the exposure-response relationship. The response curves of subjective sleep disturbance from night-time road traffic noise were established using 550 questionnaires from road traffic noise areas. The regression model is statistically significant ͑P Ͻ 0.01͒. Figure 2 shows the relationship between L Aeq,22-07 and the percentage of the highly sleep-disturbed population ͑%HSD͒ for road traffic noise. The relationship is based on data in the L Aeq,22-07 range from 49 to 73 dB͑A͒ and are expected to give approximate trends for lower exposures and higher exposures. Unlike the result of the relationship related to the railway noise, there is some similarity between the road traffic noise-induced subjective sleep disturbance curve in this survey and that for the average of the 26 predominantly European surveys. There is no significant difference between the two sets of results. Previous research found that there is little difference in terms of annoyance toward road noise between Korean and European respondents. 9, 19 Given that the environmental factors are similar in the railway and road noise sites of this research, it is reasonable to assume that the different responses toward railway noise in the Korean and European studies derive from different socio-cultural factors.
The following relationships were obtained using the above procedures for the estimation of the percentage of the ͑highly͒ sleep-disturbed ͑%HSD, %SD͒ on the basis of the This study shows that the difference between %HSD and %SD values at the same noise level varies depending on the noise source. In the case of road traffic noise, the difference between %HSD and %SD values is greater than it is with railway noise. This is demonstrated in Fig. 3 with the superposition of the %HSD and %SD curves of road and railway noise. From previous European surveys, railway noise is perceived to be less annoying than other transportation noise. However, Koreans consider railway noise to be very annoying. 19 In fact, this negative attitude toward railway noise is much higher compared to European countries. It can be considered that there are some similarities between the annoyance response and subjective sleep disturbance.
The analysis of the railway noise data set showed that the subjects' gender had a significant influence on subjective sleep disturbance, while the difference was quite small. On the other hand, gender did not have any statistical significance in the case of road traffic noise. This point observation leaves room for further discussion about cases in which the gender and age ratios of the participants vary.
The difference in subjective sleep disturbance responses, in terms of subjects' sensitivity, was shown to be statistically significant in the analysis of both the railway and the road traffic noise data sets. Figure 4 illustrates the effect of noise sensitivity, showing that the difference in %HSD values varies, depending on subjects' sensitivity. The self-assessment levels, from 8 to 10, of sensitivity to noise were considered the "high sensitivity group." Those from 0 to 2 were considered the "low sensitivity group." Respondents who reported a high score for noise sensitivity were expected to be more sleep-disturbed at the same exposure level. CENVR-%HSD curves presented in all the figures are established with data in the L Aeq,22-07 range 49-70 dB͑A͒ for railway noise and L Aeq,22-07 range 49-73 dB͑A͒ for road traffic noise.
IV. CONCLUDING REMARKS
In this study, a large field survey and statistical analysis were carried out to evaluate exposure-response relationships with subjective sleep disturbance from railway and road traffic noise. Relationships between L Aeq,22-07 and the percentage of the highly sleep-disturbed population ͑%HSD͒ were established, and it was found that there was more subjective sleep disturbance from railway noise than from road traffic noise. We found a significant increase in the difference in the %HSD value in railway and road traffic responses as the noise level increased. This result implies that sleep is more affected by railway noise than by road traffic noise and that people are more vulnerable to railway noise.
For different types of noise exposure, the response to noise exposure depends on acoustical factors. Railway noise which has more intermittent occurrences and higher peak levels may cause more subjective sleep disturbance than road traffic noise. Furthermore, the rate of freight trains or heavy vehicles may cause the responses to differ. Fields and Walker compared annoyance levels from freight trains and passenger trains after the effects of differing noise levels were removed. They concluded that some analysis approaches showed that the annoyance level is increased considerably by more freight traffic only in the event of a change from a small to a moderate proportion of freight trains. 20 However, de Jong and Miedema examined additional surveys with different analysis techniques and found that after the effects of differing noise levels are removed, there are no differences in dose-response relationships between different proportions for freight trains. 21 The effects of the rate of freight trains or heavy vehicles remain inconclusive and show insufficient scientific evidence.
Since many researchers have paid attention to the effects of attitudinal factors on the subjective response to noise, the noise sensitivity of subjects, which is one of the most significant factors, was analyzed in this article. The sensitivity of the participants was shown to be a significant modifying factor, as it pertains to subjective sleep disturbance. In this study, the effect of the age on subjective sleep disturbance did not show any statistical significance, and only in the case of railway noise gender was a significant factor influencing sleep disturbance. Other demographic factors were excluded from the analysis because they were considered less impor- tant, being related to the subjective response to noise. 17 There is room for further discussion regarding the moderating effects of these demographic factors.
From a comparison between analyses of multi-survey, primarily European, pooled data sets and this Korean survey, the subjective sleep disturbance with railway noise appears to be higher in Korea, whereas there appears to be no significant difference in road traffic noise-induced subjective sleep disturbance despite the slight increase in recent result. 6 This may be due to the different attitudes between Koreans and Europeans regarding noise sources. Fields et al. explained the reason for different annoyance responses to different noise sources as stemming from human attitudes as well as the characteristics of the noise. 22 The result corresponds well to the previous CENVR result, in which the annoyance response to railway noise in Korea was shown to be significantly higher than the response from road traffic noise, contrary to the result of the European surveys but in agreement with that of Japanese surveys. 8, 9 Accordingly, several similarities are apparent between the annoyance response and subjective sleep disturbance.
The comparison of the responses between railway and road traffic noise and the fact that Koreans are disturbed more in their sleep by railway noise compared to Europeans are important results. This result can lead to a reconsideration concerning the 'railway bonus', which limits the noise for railways, possibly making it less stringent than for roads in some European countries. This contention is based on the results from European researches in which railway noise caused less annoyance than road traffic noise. However, several recent studies in Korea and Japan have reported contradictory results, in which the annoyance level for railways was higher than that for roads. Previous laboratory experiments in Korea have also shown that road traffic noise causes less sleep disturbance than railway noise, with more body movement during sleep according to actimetry signals. 23 Further extensive research should be directed at determining the different responses in subjective sleep disturbance between the different studies and studying the modifying factors on subjective sleep disturbance.
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